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相纯度。SEM 分析显示材料为 2-10 um 不规则的块状颗粒，该块状颗粒由尺寸
为 20-50 nm的球状小颗粒团聚而成。从 TEM图中观察到 Li2FeSiO4/0.5Li2SiO3/C
样品中晶态的 Li2FeSiO4分布在非晶态的 Li2SiO3和 C 之间，由此可缩短锂离子
的扩散路径进而提高材料的电导率。电化学测试结果显示，该材料在 10 mA g-1
的电流密度下首圈放电比容量可达 250 mAh g-1，对应着每分子的 Li2FeSiO4中约
有 1.5个电子的交换，并且高比容量的实现具有可重复性以及一致性。采用原位





























材料为 Pmnb 和 Pmn21两种不同晶型结构的混合相。通过碳元素分析、扫描电
镜、红外光谱以及 N2吸脱附等手段表明所合成复合材料碳含量约为 15 % wt，形
貌为 0.5-2 um不规则颗粒，且材料均具有很高的比表面积和较小的孔径。对其电
化学性能进行测试发现随着复合量 x 值的增加，材料的放电比容量有大幅的提
高，表明 Li2SiO3包覆确实提高 Li2MnSiO4材料的电化学性能。当 x=0.3 时，首






善作用，但是效果不是十分显著。        
 
关键词：锂离子电池； 硅酸盐材料； 铁基及锰基； Li2SiO3包覆； 纳米颗粒；  



















Polyanionic silicate cathode materials with the formula Li2MSiO4 (M = Fe, Mn, 
etc.) have attracted considerable attention in recent years because of their abundance, 
low cost, and small environmental impact as well as their theoretical capability for 
exchanging two electrons per formula unit. However, there are still many problems that 
remain to be surmounted, such as the lack of a practical mechanism for Li2FeSiO4 to 
exchange more than one electron. Compared to Li2FeSiO4, Li2MnSiO4 may achieve a 
higher capacity because of the favorability of the Mn2+/Mn4+ couple, but so far there 
have not been any reports on a two electron exchange taking place. In order to improve 
the performance of this family of cathode materials and solve the above problems, in 
this thesis the synthesis, characterization, electrochemical performance and 
mechanisms producing high specific capacities of several polyanionic silicates were 
systematically studied. 
Li2FeSiO4/C and Li2FeSiO4/0.5Li2SiO3/C nanocomposites were prepared using an 
improved sol-gel method. XRD tests showed that both composites had an orthogonal 
lattice with the Pmn21 space group, and the materials showed a high phase purity. SEM 
analysis suggested that the material was made up of irregular, block-like particles 2-10 
μm in size, which were in turn composed of small primary particles 20-50 nm in 
diameter. It could be observed from TEM images that the Li2FeSiO4 crystallites were 
distributed amongst amorphous Li2SiO3 and carbon in the Li2FeSiO4/0.5Li2SiO3/C 
samples, which shortened the diffusion path of lithium ions and thus enhanced the 
conductivity of the materials. Electrochemical test results showed that the first 
discharge capacity could reach 250 mAh g-1 at a current density of 10 mA g-1, 
corresponding to each molecule Li2FeSiO4 exchanging approximately 1.5 electrons. 
The capacity to achieve this was repeatable and consistent. In addition, in-situ 
Mossbauer spectroscopy (MS), soft X-ray absorption spectroscopy (sXAS) and X-ray 
photoelectron spectroscopy (XPS) were used to detect the mechanism that produced the 













硕士论文 高比容量锂离子电池铁基及锰基硅酸盐正极材料研究 厦门大学 郭江淮 2016 
IV 
 
indicating that these experimental conditions may not have generated Fe4+, or if it did 
exist it was extremely unstable. However, in-situ MS studies did show that the sample 
was easily oxidized in air, and sXAS results suggested that there was a valence gradient 
of iron on the electrode, with the lowest valence on the surface of the electrode and the 
highest valence in the bulk. After contact was made with the electrolyte, LiPF6 and C=0 
compounds became involved in the surface reaction. Using XPS for further analysis 
revealed that the products of the surface reaction included LiF, LixPFy, ROCO2-, CO32-, 
and SiF62-, with the above reactions likely having contributed to the high capacity of 
Li2FeSiO4. 
(1-x) Li2MnSiO4/xLi2SiO3/C {x = 0, 0.1, 0.2, 0.3} composites were synthesized 
via a hydrothermal assisted sol-gel method. Thermal analysis showed that the precursor 
went through dehydration, thermal decomposition, carbonization and product 
crystallization steps during sintering process. XRD results revealed that the material 
was free of MnO impurities and possessed a good crystallinity. Solid state NMR tests 
showed that the material was a mixed phase, including both Pmn21 and Pmnb space 
groups. SEM, FTIR and other techniques indicated that the irregular sample particles 
were in the size range of 0.5-2 um. Crystalline Li2MnSiO4 was coated with amorphous 
carbon and Li2SiO3, which possessed a high surface area and a smaller pore size. 
Electrochemical tests found that an increase content of Li2SiO3, the capacity was 
significantly improved. When x=0.3, the first discharge capacity reached 381 mAh g-1, 
corresponding to an exchange of 2.31 electrons. This is the first observation of more 
than two electrons being exchanged, suggesting that the additional capacity may have 
come from the observed complex surface reactions, similar to Li2FeSiO4. In addition, 
the discharge capacity faded more quickly during the first 30 cycles, and after 50 cycles 
the four materials converged together. The Li2SiO3 coating was good for rate 
performance, but the effect was of low significance. 
Keywords: Lithium-ion battery; Silicate material; Iron and manganese-based group; 
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 第一章 绪论 
锂离子电池起源于上世纪 80年代M.S. Whittingham等[1, 2]首次提出的Li/TiS2
锂金属二次电池，但由于锂枝晶的生长导致正负极短路给电池带来了严重的安全
隐患。1991 年，Sony 公司成功将碳作负极、LiCoO2[3]作正极并匹配上非水电解

































图 1-2 锂离子电池工作原理示意图（LiCoO2/Li+电解液/石墨）[8] 

























1. 工作电压高：单体电池一般可达 3.6-3.9 V（LiFePO4为 3.4 V）； 
2. 比能量高：质量比能量达 250 Wh kg-1，体积比能量可达 620 Wh L-1； 
3. 循环寿命长：可实现长期循环，一般能达 500次以上，使用 LiFePO4为正
极材料电池更是可达 3000次以上，远高于其他各类电池； 
4. 可快速充放电：1 C倍率充电时 30分钟可达 80 %以上的标称容量； 
5. 温度范围宽：可在-25~55 ℃下工作，能够适应不同的温度环境； 




























中转移的总电量来表示，以 Ah 或者 mAh 为单位。不同电池体系和电极活性物
质的理论比容量(C0)只与参加电化学反应的活性物质的电化学当量有关。 
为了对不同电池材料的容量进行比较，引入了比容量的概念，比容量是指单
位质量（体积）电池所放出的容量，以 Cm （或 Cv）表示。 
                 Cm=C0/ m0=26800*N/Ms（Ah kg-1）          （1-1） 






















































LixC6 ↔ Lix-yC6 + yLi+ + ye（y≤x≤1） 
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